Improving the quality of high alloy CA6NM stainless steel castings by Ganesan, Rubesh
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2015
Improving the quality of high alloy CA6NM
stainless steel castings
Rubesh Ganesan
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Materials Science and Engineering Commons, and the Mechanics of Materials
Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Ganesan, Rubesh, "Improving the quality of high alloy CA6NM stainless steel castings" (2015). Graduate Theses and Dissertations.
14656.
https://lib.dr.iastate.edu/etd/14656
  
 
Improving the quality of high alloy CA6NM stainless steel castings 
 
by 
 
Rubesh Ganesan 
 
 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
 
 
Major: Material Science and Engineering 
 
Program of Study Committee: 
L. Scott Chumbley, Major Professor  
Frank Peters  
Alan Russell 
 
 
 
Iowa State University 
Ames, Iowa 
2015 
 
 
 
Copyright © Rubesh Ganesan, 2015. All rights reserved.
ii 
 
 
TABLE OF CONTENTS 
 
LIST OF FIGURES                                                         iv 
LIST OF TABLES                                                                                                              vi  
ABSTRACT                                                                                                                       vii 
CHAPTER 1. INTRODUCTION/BACKGROUND                                                                       1 
1.1 General Background of Highly alloyed steels                                                             1 
1.1.1 Duplex stainless steel                                                                                       1 
1.1.2 Austenitic stainless steel                                                                                    5 
1.1.3 Martensitic stainless steel                                                                                  8 
1.2 Reason for corrosion requirements as related to mechanical properties                    11 
1.3 Casting porosity in stainless steel and how to fix it?                                              12 
1.4 Cold Spray                                                                                                              13 
1.4.1 Principle                                                                                                      13 
1.4.2 Equipment                                                                                                    15 
1.5 Statement of Problem                                                                                       17 
 
CHAPTER 2. EXPERIMENTAL PROCEDURES                                                                    18                                                                             
2.1 Hardness restriction Below Rc23                                                                               18 
2.1.1 Heat Treatment                                                                                            19 
2.1.2 Metallography                                                                                              22 
2.2 Filling porosities using Cold spray                                                                              22 
2.2.1 Cold spray                                                                                                        22 
2.2.2 Metallography                                                                                                  25 
 
CHAPTER 3. RESULTS                                                                                                         26                                   
3.1 Hardness restriction below Rc23                                                                                 26 
3.1.1 Chemical Composition                                                                                 26 
3.1.2 Microstructures                                                                                           29 
3.1.3 Hardness results                                                                                               33 
3.2 Filling porosities using Cold spray                                                                              39 
3.2.1 Chemical Composition                                                                                  39 
3.2.2 Microstructures and Hardness results                                                              40 
 
 
iii 
 
 
 
CHAPTER 4. DISCUSSIONS                                                                                                       45 
4.1 Effect of cooling techniques on hardness                                                                   45 
4.2 Effectiveness of cold spray in filling voids without affecting properties                     52 
 
CHAPTER 5. CONCLUSIONS                                                                                                 56 
        CHAPTER 6. REFERENCES                                                                                                   57 
        ACKNOWLEDGMENTS                                                                                   59 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
iv 
 
 LIST OF FIGURES  
Figure 1. Schaffer diagram [1] – Stainless families                                                                         2 
Figure 2. Nitrogen / Composition diagram of Duplex steels [3]                                                       4 
Figure 3. Schaeffler-Delong stainless steels constitution diagram [4].                                             6 
Figure 4. Austenitic stainless steel family [5]                                                                                   7 
Figure 5. Schematic of Cold Spray [22]                                                                                         14 
Figure 6. Schematic diagram of High pressure cold spray [23]                                                     15 
Figure 7. Schematic of Low pressure cold spray[23]                                                                     16 
Figure 8. As-received steel bars of three different grades                                                              19 
Figure 9. As-cast steel bars of three different grades                                                                     21 
Figure 10. Bar before drilling divots and cold spray                                                                      23 
Figure 11. Schematic of the divots to be drilled for cold spray                                                      23 
Figure 12. CA6NM Grade A487 Class A a) before cold spraying b) after cold spraying              25 
Figure 13. As-received microstructure of A487 Class A. Class B and A743                                 30 
Figure 14. EDS result of A743                                                                                                       31 
Figure 15. Microstructure of as-cast sample A487 class A, A487 Class B , A743                        32 
Figure 16. Macroscopic image of sectioned and polished cold sprayed sample                            40 
Figure 17. Microstructure of cold sprayed sample of divot 2mm,1.5mm,1mm and 0.5mm          43 
Figure 18. SEM image of cold sprayed region                                                                               43 
Figure 19. A487 class A vs class B vs A743 for as-received                                                         46 
Figure 20.  Hardness vs Heat treatment for as-received samples of (a) A487 Class A (b)Class B   
(c) A743                                                                                                                                          47 
Figure 21. Hardness vs Heat treatment for as-cast samples(a)A487 Class A  (b) Class B      
(c)A743                                                                                                                                           49                                                                                                                                                            
Figure 22. Hardness vs Holding time                                                                                             51 
v 
 
 
Figure 23: Schematic of hardness measured in cold sprayed samples                                           54 
Figure 23. Hardness vs Distance for cold sprayed samples                                                            55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
 
LIST OF TABLES 
Table 1. Typical chemistry of stainless steel families [2]                                                                 3 
Table 2. Chemistry of Lean and Hyper Duplex[3]                                                                           4 
Table 3. Carbon content in 304 grade                                                                                               5 
Table 4. Tempering of A487                                                                                                           10 
Table 5. Heat treatment as per ASTM                                                                                            11 
Table 6. Composition of as- received samples                                                                               27 
Table 7. Composition of as- cast samples                                                                                      28 
Table 8. Hardness of as-received samples                                                                                      34 
Table 9. Hardness of as-received samples without repeating the process                                      36 
Table 10. Hardness of as-cast samples                                                                                           37 
Table 11.  Hardness of as cast samples in different cooling techniques from room temperature  38 
Table 12. Chemical Compositions of sample for cold spray                                                          39 
Table 13. Hardness of cold sprayed samples                                                                                  4 4 
 
 
 
 
 
 
 
 
 
vii 
 
ABSTRACT 
 
This paper describes two studies performed on CA6NM martensitic stainless steel. The 
goal of the first study was to investigate claims that CA6NM hardness could be held below 
Rockwell C (Rc) 23 as per NACE requirements using an ice water quench. This research was 
performed on three grades of CA6NM, namely, A487 Class A, A487 Class B and A743 in both as-
received and as-cast conditions. A double tempering at 667ºC and 607ºC followed by different 
cooling techniques after solutionizing and tempering was employed to test the hypothesis.  The 
holding time for each tempering step was also changed to study the changes in hardness. Hardness 
was found to decrease on each tempering and no special effect was found on using different 
cooling techniques. Lower hardness values were only found to be related to the amount of carbon 
in the three grades studied.  
The goal of the second study was to analyze the possible use of cold spray as a means of 
porosity repair in CA6NM stainless steel and to determine the effect on the hardness of the 
material. Hardness and microstructure were studied for both the cold sprayed and substrate 
surfaces and it was found that while the cold sprayed material was slightly higher there was no 
major change in the hardness and microstructures of the substrate. However, improper bonding and 
cracks seen in the cold spray material raise concerns that the material may spall from the surface 
during use.  Further study is needed to determine whether this could happen and whether cold 
spray is a truly viable alternative to weld repair.  
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CHAPTER 1. INTRODUCTION/ BACKGROUND 
 
1.1 General background of highly alloyed steel 
 
1.1.1 Duplex stainless steel 
 
Duplex stainless steels are also called ferritic-austenitic stainless steels because of their two-
phase microstructure which consists of approximately 50% ferrite and 50% austenite. Duplex 
stainless steel was originally developed in the early 1930s to have good mechanical and 
corrosion properties, although it has some limitations in the welded condition. When first 
developed the metallurgical processes used were not suitable for producing grades with the 
proper ferritic-austenite balance and there were also no proper decarburization techniques to 
reduce the carbon content in duplex stainless steel. Great advancement of duplex stainless steel 
came during the early 1970s after the introduction of vacuum and argon decarburization 
techniques [1]. These developments help in maintaining the proper balance of ferrite and 
austenite, while lower carbon and higher chromium and nickel contents enhance the corrosion 
resistance properties. 
Duplex stainless steel consists of a minimum of twelve-percent of chromium, which creates 
the chromium oxide on the surface that provides the resistance to corrosion. Molybdenum and 
nitrogen are added to increase the corrosion resistance; nitrogen also increases the strength [1]. 
While solidifying duplex stainless steel under equilibrium conditions, delta ferrite is formed 
initially and austenite forms only when the temperature reaches the range of 1050˚ to 1300ºC, 
depending on the alloy content. The fraction of austenite and ferrite is determined mainly by a 
balance between the chromium and nickel content, as shown in Figure 1 [1]. 
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Figure 1. Schaffer diagram [1] – Stainless families 
 
In comparison to austenitic stainless steel, duplex stainless steel has a higher chromium 
and molybdenum content but lower nickel content. Higher strength and the lower nickel content 
of duplex steel makes these alloys attractive from a cost-benefit standpoint [2]. Therefore, duplex 
stainless steels are widely used in offshore oil industries. Although duplex steels have good 
oxidation and corrosion resistance they cannot be used at elevated temperature because of the 
formation of brittle phases [2].  However, at lower temperatures duplex steels can match 
austenitic steels in corrosion resistance and they possess higher strength in the annealed 
condition than austenite [2].  Typical compositions of several duplex stainless steels are shown in 
Table 1.  
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Table1: Typical chemistry of stainless steel families [2] 
Family AISI(USA) EURONORM Cr Mo Ni Mn N 
 
 
Duplex 
2101 1.4162 21 0 2 5 0.2 
2304 1.4362 23 0 4 1 0.13 
2206 1.4462 22 3 6 1 0.17 
2507 1.4410 25 3.5 7 1 0.25 
 
The metallurgy aspects of nitrogen alloyed duplex steel are illustrated in Figure 2 [3]. 
Nitrogen increases the ferrite-austenite phase ratio in the material and allows a decrease in the 
carbon content to lower levels while maintaining the mechanical properties.  This helps in 
avoiding problems related to ferrite-ferrite carbide precipitation [3]. Based on the alloying level, 
duplex stainless steels are classified into four categories: lean duplex, 22% Cr duplex, 25% Cr 
super duplex and hyper duplex. Lean duplex steels have lower additions of alloying elements 
than standard duplex steels and are designed as alternatives to 304 and 316 grades stainless 
steels. Hyper duplex steels have higher resistant to corrosion than typical 6% Mo alloys and are 
used in seamless tube manufacturing. Chemistries of lean and hyper duplex are shown in Table 2 
[3].  
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Figure 2: Nitrogen / Composition diagram of Duplex steels [3] 
 
 
Table 2 : Chemistry of Lean and Hyper Duplex[3]. UK stand fro the United Kingdom.  PREN is 
the pitting resistance equivalent number. Other compositions are given in weight percent. 
 
 
 
USA UK Cr Ni Mo N Cu Mn PREN 
 
 
 
 
Lean 
Duplex 
304L 1.4307 18 9 - - - 1 18 
316L 1.4401 17 10-14 2.5 - - 1 24 
S32001  20 1.7 0.3 0.15 0.3 5 23 
S32101 1.4162 21.5 1.5 0.3 0.2 0.3 5 26 
S32202 1.4062 22.7 2 0.3 0.21 0.2 1.3 26/27 
S32003  20 3.5 1.7 0.15 - 2 28 
 
Hyper 
Duplex 
S32906  29 6 2 0.4 0.5 1 42 
S32707  27 7 5 0.4 0.3 1 50 
S33207  30 8 4 0.5 1 1 51 
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The use of duplex steel has been growing continuously because of the progress in 
metallurgy, melting methods, improved weldability, and availability in all shapes of products. 
Duplex steels primarily are used in corrosive environments such as the oil and gas industries and 
for chemical applications, with some use also for construction and architectural purposes [3]. 
 
1.1.2 Austenitic stainless steel 
Austenitic stainless steels are probably the most familiar type of stainless steel. These 
steels have a chromium content that ranges from 16 to 25% and contain nitrogen, which also 
improves corrosion resistance. They also have excellent weldability [4].  The high temperature 
body-centered-cubic crystal structure of the delta ferrite transforms to face-centered-cubic crystal 
structure austenite on cooling. The addition of 18%Cr and 8% Ni causes the crystal structure of 
austenite to be retained to room temperature. 
Since the austenitic stainless steels have excellent corrosion resistance and high 
temperature creep and tensile strength, they often are used in high temperature boiler 
applications [4].  The most commonly used grades in this application are 304, 321, and 347.  
Each grade designations may be followed by an L or H, which indicates low or high carbon 
content, respectively [4]. One example of this difference is shown below in Table 3. 
Table 3:Carbon Content in 304 grade stainless steel. 
Element  304L 304 304H 
Carbon% 0.035 max 0.08 max 0.04-0.10 
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The Schaeffler –Delong diagram, Figure 3, shows which phases are present in the as-
solidified condition such as castings and cast products. In regard to castability, the composition 
of several austentitic alloys lie on a region in the diagram where several percent ferrite may be 
present in the as-cast condition [4]. Chromium and molybdenum are added to increase properties 
such as weldability, and nickel or other austenite stabilizers may be added to preserve the 
austenitic structure.  
 
Figure 3: Schaeffler-Delong stainless steels constitution diagram [4]. 
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The family of austenitic stainless steels showing development from the base alloy 302 is 
shown in Figure 4 [5]. Many alloys in this family are no longer used since advancements in 
melting technology have eliminated the need for many alloying additions previously used. For 
example, 312 was derived from 302 to minimize the carbide effect by adding Ti, but this grade 
lost value after the invention of argon-oxygen decarburization (AOD) [5]. 
 
Figure 4: Austenitic stainless steel family [5] 
The chromium added to austenitic stainless steel improves corrosion resistance and 
oxidation resistance [4]. If molybdenum is added, corrosion resistance increases but not 
oxidation resistance. Adding nickel with molybdenum or chromium improves mechanical 
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properties and maintains the face-centered-cubic crystal structure [5]. Niobium additions 
increase creep resistance while sulfur increases machinability [6].  In addition to high 
temperature boiler applications austenitic steels are also used in cooking appliances and water 
treatment applications [6]. 
 
1.1.3  Martensitic stainless steel 
The name martensite comes after the German scientist ‘Martens’ and it describes the hard 
phase often formed in quenched steels [8]. Martensitic stainless steels are some of the commonly 
used steels in the stainless steel family. They are similar to the carbon steels or low alloy steels 
and they have a body centered tetragonal crystal lattice.  Carbon content plays a major role in 
martensitic stainless steel. With a suitable heat treatment, the desired hardness and strength can 
be achieved in martensitic stainless steels since the strength of the steel obtained by the heat 
treatment depends on the carbon content. If the carbon content is high, there is an increase in 
strength and hardness but a decrease in both ductility and toughness. Generally martensite is 
tempered at 400ºC and held at that temperature for some time to achieve the desired toughness. 
The major alloying element in martensitic stainless steel is chromium with additions in the range 
from 12 to 15 weight percent. Martensitic stainless steels are machined and cold formed in the 
annealed condition where they have good tensile and yield strengths; the optimum corrosion 
resistance is attained in hardened and tempered conditions [6]. Tempered martensite gives good 
hardness and high toughness while untempered martensite is brittle [7].   Martensitic grades can 
be used instead of austenitic stainless steel where high strength and hardness can be achieved by 
heat treatment rather than cold rolling.  
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 The most widely used martensitic grades are CA6NM, CB7Cu1 and CB7Cu2. CA6NM is 
commonly cast and is an iron-chromium nickel-molybdenum alloy that is easily hardenable by 
heat treatment. [12]. CA6NM cast steel was initially developed at the George Fischer (+GF+) 
steel foundry [13] to have a high impact strength and good weldability with a low carbon 
content. Temper embrittlement is reduced by adding molybdenum [13] while increasing the 
nickel content achieves a microstructure free of δ-ferrite.  
 CA6NM has a carbon content of 0.06%, which is similar in corrosion resistant to CA15 
(0.15% carbon content). CA6NM is the replacement for CA15 because its carbon content makes 
it more resistant to corrosion in sea water, which is an advantage in oil industry applications. 
CA6NM is normally used in the normalized and tempered condition where the microstructure is 
nominally entirely martensite, although it may contain a considerable amount of retained 
austenite [12].  CA6NM has a good combination of strength, ductility, hardness and toughness, 
and in comparison to carbon steel it has high electrical resistivity and low thermal conductivity. 
Due to increasing demands for the efficiency of the strength, hardness, toughness and corrosion 
resistance, the development of this grade still continues.  The most commonly used grades of 
CA6NM are:  
 CA6NM Gr A487 Class A 
 CA6NM Gr A487 Class B 
 CA6NM Gr A743  
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CA6NM Grade A487 Class A 
Grade A487 is a high-alloy martensitic stainless steel that is always used either in the 
normalized and tempered conditions or quenched and tempered condition [14] to provide 
mechanical properties suitable for withstanding high pressure in pressure vessels. The 
designation A487 denotes the Boiler code [14] used in the oil industry. For this grade, heat 
treatment is performed after the casting is cooled below the transformation range [14]. According 
to ASTM International, the heat treatment shall be followed as per Table 4 below [14]. 
Table 4 [14] : Tempering of A487 
 
Grade 
Austenizing 
Temperature 
(ºC) 
 
Media 
Quenching Cool 
Below 
(ºC) 
Tempering 
Temperature 
(ºC) 
 
A487 Class A 
 
1010 
 
Air/Liquid 
 
95 
 
565 to 620 
 
CA6NM Grade A487 Class B 
The CA6NM Grade A487 Class B specification is similar to Class A but differs in the heat 
treating requirements, producing slightly different properties. The chemical composition of both 
the grades are similar except that the carbon content of Class B [13] is slightly lower than Class 
A, and thus the hardness is comparatively lower, which improves corrosion resistance, primarily 
by reducing sulfide stress corrosion cracking [13]. According to ASTM international, the heat 
treatment shall be followed as per the Table 5 given below [14].  
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 Table 5 [14]: Heat treatment as per ASTM                 
 
Grade 
Austenizing 
Temperature 
(ºC) 
 
Media 
Quenching Cool 
Below 
(ºC) 
Tempering 
Temperature 
(ºC) 
 
A487 Class B 
 
1010 
 
Air/Liquid 
 
95 
665 to 690(1st temper) 
565 to 620(2nd temper) 
 
CA6NM Grade A743 
This specification within the martensitic stainless steel family has wide applications in 
corrosive environments. A743 is a general corrosion resistant alloy and is considered as the basic 
CA6NM Specification.  A743 denotes the pressure code used by the oil industry. A743 has a 
similar composition and heat treatment requirements as A487 Class A (see Table 4). 
 
1.2 Corrosion Requirements as related to Mechanical Properties 
The National Association of Corrosion Engineers (NACE) standard MR0103 “Material 
Resistant to Sulfide Stress Cracking in Corrosive Petroleum Refining Environments” was 
developed to provide standard requirements for metals used in petroleum industries. It replaces 
NACE Standard MR0175 ”Sulfide stress Cracking Resistant Metallic Materials for Oilfield 
Equipment” [16]. In 1990, NACE altered their requirements by adding ‘chloride stress corrosion 
cracking’ in their specifications as most oil and gas production streams contains chloride, which 
results in chloride stress corrosion cracking for certain alloys [16]. Modifications were also 
12 
 
introduced to set a maximum temperature limit for the alloys susceptible to SCC [16].  Don Bush 
from Emerson Process Management [16] says that in many refinery sour water environments 
dissolved ammonia is present, which increases the pH resulting in an increasing solubility of 
H2S, which in turn leads to an increase in corrosivity. 
Significant amounts of dissolved H2S may lead to stress corrosion cracking even at low 
pressures. When highly alloyed martensitic steels are used in petroleum and oil industries, 
dissolved H2S in alloys high in carbon content (and, therefore, hardness) may induce corrosion 
on the surface of the vessels, which in turn leads to cracking. Since CA6NM has wide 
applications in pressure and boiler applications, where the risk of SCC is high, NACE has set a 
standard maximum hardness requirement for CA6NM of HRC 23, which can be difficult to meet 
and often requires a double temper [12]. This can be especially true when welding CA6NM; the 
base metal should be double tempered and after the welding the weldment has to be double 
tempered.  
 
1.3 Casting Porosity in Stainless Steel 
Porosity has long been one of the major problems faced by foundries. Even after final 
machining, minor porosity on the surface of the stainless steel casting can lead to rejection of the 
part. Currently the common method used to repair porosity of martensitic stainless steel castings 
involves filling the pore with weld metal then grinding the surface. The weld material used 
should have similar composition and properties as the base metal. However, welding has several 
disadvantages in repairing the steel. Welding can cause high tensile residual stresses and produce 
alterations in the base metal microstructure and composition in the repaired zone [17]. Post weld 
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heat treatment is required to relieve the stress induced and retain the property of the base metal. 
In large components post-weld heat treatment can result in high distortion, and welding repair in 
general takes considerable time and can be costly [17]. 
One alternative suggested to weld repair is cold spray. Previous studies [18, 19] have 
shown that cold spray allows for the application of a wide spectrum of high quality coatings of 
metal alloys.  Cold-spray coatings have advantages such as i) the ability to retain the mechanical 
properties of the coating, ii) bonding of dissimilar metals, iii) avoiding oxidation and formation 
of unwanted phases and iv) elimination of the problems associated with high-temperature 
treatments.  
When comparing weld repair to cold spray as a means of repairing porosity in CA6NM steel 
castings, elimination of post-weld heat treatments makes it an attractive substitute. The low 
operating temperature and the use of inert gas during the process reduces oxidation, and the 
technique itself has reasonable spatial resolution making it easy to control the repair area. Thus, 
cold spray may be a cheaper, less time consuming alternative for repair of casting porosity. 
 
1.4  Cold Spray 
1.4.1 Principle 
Cold Spray involves the spraying of solid metal powder at high velocity using 
compressed gases (e.g. He, N2, air) onto a surface.  The name “cold spray” is used for this 
process because the temperature of both the cold spraying gun and the powder material are low 
enough to prevent a phase changes in the substrate [21]. The principle of cold spray is simple; in 
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many aspects it is similar to thermal spray. However, cold spray utilizes the energy associated 
with the impingement of metal particles on a substrate to form a deposit. The metal powders are 
usually in the size range of 5 to 100 micrometers, and they are injected into a high-velocity 
stream of preheated gas, generated through the expansion of pressurized gas through a nozzle 
[21]. The pressurized gas expands in the nozzle to reach a high velocity, with a decrease in the 
pressure and temperature. Based on the velocity, three possible situations may take place. If the 
velocity is low, the powder may bounce off  (reflect) from the surface. If the velocity is 
moderate, surface erosion takes place. If the velocity is above the critical velocity, the powder 
particles deform and they deposit as a layer that is mechanically bonded to the substrate [20].  A 
schematic of the cold spray process is shown in Figure 5 [22]. 
 
Figure 5: Schematic of Cold Spray [22] 
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1.4.2 Equipment 
There are three different types of cold spray equipment employed, namely, high-pressure, 
low-pressure, and shock-induced. As high- and low-pressure cold spray are the most commonly 
used forms, these will be discussed briefly. 
 
High Pressure Cold Spray: 
In a high pressure system both the gas stream and powder stream are introduced into the 
nozzle, with both streams existing at high gas pressure. In order to get a higher velocity, a low 
molecular weight gas like helium is used as the accelerating gas [21].  This equipment is suited 
for material having less ductility at temperature, i.e. materials having a high melting point. As it 
involves the highest pressures, most of this equipment is larger and, therefore, stationary.  A 
schematic of a high pressure cold spray is shown in Figure 6 [23]. 
 
Figure 6: Schematic diagram of High pressure cold spray [23] 
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Low Pressure Cold Spray: 
In this process, the powder stream is injected into the nozzle at the point where the gas 
has expanded to a lower pressure [21]. The atmospheric gas drawn from the nozzle is used to 
transport the powder from the nozzle to the coating surface. This equipment is portable and it 
generally utilizes readily available compressed air but can also use nitrogen gas [21]. This 
technique is best suited for ductile metals on metallic and ceramic substrates [22]. A schematic 
of this equipment is shown below. 
 
Figure 7: Schematic of Low pressure cold spray[23] 
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1.5  Statement of Problem 
This study was focused on the two major problems facing foundries dealing with 
CA6NM martensitic stainless steel.  The first problem concerns the need for maintaining a 
relative low hardness in the cast and heat-treated part.  As per NACE requirements, the hardness 
of the CA6NM stainless steel has to be below RC 23 to reduce H2S-induced stress corrosion 
cracking. The hardness can be controlled by different cooling techniques with proper selection of 
double tempering temperatures and holding times. As per the NACE requirements, all the grades 
in the CA6NM have to satisfy the requirements. In this project three grades were used; CA6NM 
A487 Class A, CA6NM A487 Class B and A743. The chemistries of all the grades are similar, 
although the carbon content of Class B is slightly lower than that of class A. While anecdotal 
evidence from foundries stated that the type of cooling used during the quenching of the parts 
after heat treatment was instrumental in maintaining a low hardness value, at the time this 
research was undertaken no systematic study had yet been undertaken. 
The second problem investigated in this research was the use of cold-spray to repair 
minor porosity present on polished surfaces after final machining.  Currently, costly and time 
consuming welding techniques are used. Previous research says that it can be difficult to restrict 
the hardness using cold spray and the hardness of the cold sprayed area is higher than the welded 
region. The ability of cold spray to fill porous regions was investigated and the quality of the 
repaired regions (hardness and porosity) was examined.  
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CHAPTER 2. EXPERIMENTAL PROCEDURE 
The material that was used in this project was CA6NM (A487 Class A, A487 Class B and 
A743), a high alloy martensitic stainless steel.  The material was received from one of the Steel 
Foundry Society of America’s member foundries.  
 
  2.1. Study 1: Hardness Restriction below Rc 23 
Two sets of martensitic stainless steel bars were received. One set consisted of 27 
martensitic stainless steel keel bars and included 18 bars of A487 Class A, six bars of A487 
Class B and three bars of A743 grade. These bars were already solutionized at 1080ºC for eight 
hours and double tempered at 675ºC and 625ºC for holding times of eight hours each. These bars 
were designated as “as-received” material. 
The second set received consisted of 26 bars which included eight bars of A487 Class A , 
two bars of A487 Class B and 16 bars of A743. These bars were in the as-cast condition and 
hadn’t undergone any heat treatments. These bars are identified as “As-cast” material. 
Experiments were conducted using both the as-received (homogenized and double 
tempered) and as-cast samples. The manner by which heat treatments were conducted is 
described below. 
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2.1.1 Heat Treatment 
As-received: Solutionized and Heat-Treated 
Initially heat treatments were done for the as-received (i.e. homogenized and double 
tempered) bars. A steel bar from each of the three different grades was selected and sectioned 
using an abrasive wheel cut-off saw into small slices for heat treatment and metallographic 
inspection.  Figure 8 shows examples of steel bars of the three different grades in the as-received 
condition before sectioning.  
 
Figure 8: As-received steel bars of three different grades 
 
The furnace used in this experiment was a box furnace and all the experiments were done 
in an open-air atmosphere. The furnace temperature fluctuated ± 3ºC during the heat treatment 
once the final temperature for the experiment was reached. Samples from each grade were taken 
and re-solutionized at 1100ºC for 1 hour. After solutionizing, the samples were cooled at 
different cooling rates and to different final temperatures.  These cooling experiments included 
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furnace cool, air cool, water quench, ice water quench, water+liquid nitrogen quench, and dry 
ice+acetone quench. After solutionizing and quenching, the samples underwent a first temper at 
667ºC for four hours followed by a second tempering of 607ºC for four hours.  In the course of 
this study this double tempering cycle was repeated for a select number of samples, resulting in 
third and fourth tempered samples.   
Hardness was recorded at each interval of the entire process. Hardness readings were 
taken from four to seven different spots across the specimen.  Hardness was recorded randomly 
for some samples and orthogonally in some cases to identify whether there was any trend across 
the sample. Both Future Tech FR-3E Rockwell hardness with load of 150 kg and LECO LM-
247AT Vickers micro hardness testers with load of 300 g were used to record the hardness.  
The initial quenching experiments only involved cooling from the homogenization heat 
treatment temperature.  For a second set of as-received samples the different cooling techniques 
were implemented after the first tempering. Samples were heated to 667°C for 4 hours and then 
allowed to air cool, furnace cool, water quench, ice water quench, water+ liquid nitrogen quench. 
Hardness was recorded before and after the tempering cycle. 
 
As-cast Material 
The as-cast samples obtained were homogenized and tempered with cooling being 
accomplished at different rates to different final temperatures to identify the response in 
comparison to the as-received samples. As for the previous experiments, steel bars of three 
different grades were sectioned to provide samples.  Figure 9 shows the steel bars of the three 
different grades in the as-received condition before sectioning. 
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Figure 9: As-cast steel bars of three different grades 
Samples from each grade were taken and solutionized at 1100°C for eight hours and then 
air cooled to room temperature. Once they reached room temperature, the samples were 
tempered at 667°C for four hours and cooled using different methods (air cooling, furnace 
cooling, water quench, ice water quench, water + liquid nitrogen). The same process was 
repeated for the second temper at 607°C for four hours. Hardness was again noted throughout the 
process.  
A final set of experiments was carried out by solutionizing the as-cast samples at 1100°C 
for eight hours followed by an air cool. Once they reach room temperature, the samples were 
quenched in ice water , water + liquid nitrogen and dry ice + acetone. Quenching from room 
temperature rather than high temperature was carried out to mimic conditions that might exist in 
a foundry, where quenching from high temperature is not possible due to quench cracking on 
rapid cooling from high temperature. Hardness was recorded to find whether this cooling 
technique had any impact on hardness. 
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2.1.2 Metallography 
Samples for optical examination were prepared using standard metallographic 
procedures, with final polishing being accomplished using diamond.  The samples were etched 
using Villela’s reagent for three to five seconds to observe the microstructure.  Photographs of 
the microstructure were recorded using an Olympus GX51F optical microscope. Chemistries of 
both the as-received and as-cast samples were checked using a LECO SA-2000 GDS by taking a 
sample from each grade and comparing it with the composition values given by the foundry. 
A 6060LV JEOL scanning electron microscopy (SEM) also was used to photograph the 
microstructures of the samples. An Oxford energy dispersive spectrometer (EDS) was used to 
identify the chemical composition of the observed phases. 
 
2.2 Study 2: Porosity Repair using Cold Spray 
2.2.1 Cold Spray 
Two as-received bars from grade A487 Class A were used for the porosity repair study. 
Since the samples were already homogenized and heat treated, no additional heat treatment was 
carried out before cold spraying the samples. The ends of the bar were sliced off and the bars 
were polished on both the sides to get roughly rectangular bars of length ≈ 10 cm, width and 
depth of ≈ 2.5 cm. This is shown in Figure 10. One of the bars was taken and porosity was 
simulated on the surface by drilling into it using differently sized drill bits.  The diameter of the 
bits ranged from 0.5mm to 2 mm, and the depth of penetration was made to equal the diameter. 
A schematic of the divots drilled on the bar is shown in Figure 11 
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Figure 10: Bar before drilling divots and cold spray 
 
Figure 11: Schematic of the divots to be drilled for cold spray 
The two bars (one with divots, the other undisturbed) were sent to the US Army Research 
Laboratory (ARL), Aberdeen Proving Ground, Maryland for cold spraying. Blake Barnett and 
Victor K Champagne from US ARL helped throughout the process in cold spraying the bars. The 
second bar was used by the US Army Research Laboratory to create their own simulated 
damaged surface. A high pressure CGT Kinetiks 4000 Cold Spray System with a 30 kW 
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preheater was used for the cold spraying. Sandvik Osprey -45/+16 micron Stainless Steel 17-4 
PH powder was used as the feedstock. Spray parameters were as follow: 
Spray Temperature            600˚ C 
Preheat                           450˚ C 
Stagnation pressure         35 bars 
Feed Wheel                    240 hole  
Powder feed wheel             1.0 RPM 
Feed Gas                          N2  
Flow rate of  N2                            3.0 m
3
/hr  
The robot-mounted spray gun was traversed at 200 mm/second across the samples, with 
0.5 mm between lines in a switchback raster pattern. The entire coating was built up over six 
passes.  Figure 12 shows before and after images of the bar. 
 
a. 
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b. 
Figure 12: CA6NM Grade A487 Class A a) before cold spraying b) after cold spraying. 
2.2.2 Metallography 
              The cold-spray samples were polished both in plan view and in cross section to see the 
microstructure and the bonding of the cold-sprayed material to the substrate metal.  The samples 
were observed in both the as-polished and etched states.  Images were obtained using optical and 
electron microscopy and hardness was again measured.  All polishing, etching, hardness 
measurements and recording of images were accomplished using the same methods and 
equipment described in sections 2.1.1 and 2.1.2.  
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CHAPTER 3. RESULTS 
3.1  Hardness Restriction below Rc23 
3.1.1 Chemical Composition 
As-received material 
 Results of the chemical composition determination using Glow Discharge Spectroscopy 
(GDS) for the as-received samples are shown in Table 6. The values shown are from one sample 
from each of the grades and are assumed to be representative of all the samples. Other elements 
measured but not reported here (due to their negligible amounts in the overall composition) 
include P, S, Al, Co, Nb and Ti. It is clear that carbon content of class B is less than Class A and 
A743, while the balance of the compositions remain almost the same for the three different 
grades. The presence of a vanadium content of more than 0.05% (wt %) is suspected of affecting 
hardness because vanadium is a well-known hardening in steel, and it is often specified at a 
maximum of 0.05%. The error associated with these measurements is expected to be ± 0.013 
max. There are some minor composition disparities between values measured by GDS and those 
reported by the foundry; however, the ferrous content remains similar. All the compositions are 
in wt %.   
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Table 6 : Composition of as- received samples(wt%) 
 Composition (wt%) 
Sample  Fe C Cr Ni Mo Cu Si Mn V 
 
 
A487-A 
Foundry 
reported spec 
≈ 84 0.047 12.01 4.386 0.484 0.130 0.451 0.509 0.058 
GDS 
measured 
≈ 84 0.034 11.7 4.1 0.491 0.146 0.506 0.299 0.070 
 
A487-B 
Foundry 
reported spec 
≈ 84 0.024 11.96 4.34 0.508 0.133 0.457 0.476 0.064 
GDS 
measured 
≈ 84 0.024 11.8 3.31 0.486 0.190 0.400 0.318 0.08 
 
 
A743 
Foundry 
reported spec 
≈ 
83.5 
0.056 12.46 4.327 0.505 0.147 0.454 0.465 0.062 
GDS 
measured 
≈ 
83.4 
0.047 12.1 3.42 0.497 0.138 0.53 0.363 0.08 
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As-cast material: 
The chemical composition of the as-cast samples using GDS is shown in the Table 7. For 
these samples the carbon content of class B is again lower than the rest of the grade and 
vanadium contents above 0.05% (wt %) are again observed. There are some minor changes in 
the composition between GDS measured value and foundry reported compositions, however, the 
ferrous content remains similar. 
Table 7- : Composition of as- cast samples(wt%) 
Sample  Fe C Cr Ni Mo Cu Si Mn V 
 
A487-A 
Foundry 
reported spec 
≈ 81 0.045 11.94 4.426 0.411 0.141 0.430 0.426 0.065 
GDS measured ≈ 81 0.036 11.6 3.9 0.431 0.139 0.510 0.385 0.071 
 
A487-B 
Foundry 
reported spec 
≈ 81 0.015 12.25 4.399 0.516 0.127 0.476 0.514 0.064 
GDS measured ≈ 81 0.023 11.91 4.14 0.510 0.133 0.430 0.473 0.085 
 
A743 
Foundry 
reported spec 
≈ 81 0.043 12.07 4.389 0.530 0.149 0.428 0.434 0.060 
GDS measured ≈ 81 0.033 11.87 4.91 0.498 0.145 0.40 0.412 0.079 
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3.1.2 Microstructures   
 As-received material: 
 Microstructures of as-received samples are shown in Figure 13. All microstructures showed the 
needle-shaped structure indicative of martensite. No obvious discernible differences were found 
between the samples of different grades. 
 
 
Figure 13(a): Microstructure of A487 Class A 
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Figure 13(b): Microstructure of A487 Class B 
 
Figure 13(c): Microstructure of A743 
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 There were some black spots throughout the microstructure (See Fig. 13) in all samples 
examined during the heat treatment process. SEM was used to determine whether the spots were 
inclusions present in the specimen. The black spots were found to be high in carbon and these 
spots are present on nearly all specimen surfaces for all grades. EDS analysis of one of the black 
spots is shown in Figure 14. It is obvious that this spot is material laying on the surface of the 
sample.  There are also some voids present on the surface for all the grades.   
           
 (a) (b) 
Figure 14: (a)Electron image (b) EDS result of A743 
 
As-Cast Material: 
 Microstructures of as-cast samples for all the three different grades are shown in Figure 
15. The as-cast structures were similar to those seen in the as-received samples, consisting of 
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martensite. As for the as-received samples, black spots spread homogeneously across all the as-
cast samples were found to be inclusions when examined closely using SEM. 
   
(a)                                                                              (b) 
 
(c) 
Figure 15: Microstructure of as-cast sample (a)A487 class A (b) Class B (c) A743 
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3.1.3 Hardness Results 
 
As-received material: 
The results of hardness measurements are shown in Table 8.  Instrumental error was 
checked using a test block before making measurements and found to be negligible. 
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Table 8: Hardness of as-received samples 
 
 
Grade 
 
 
Heat 
Treatment 
 
 
Hardness 
of “As 
received” 
samples  
(Rc) 
 
Hardness 
after 
solutionizing 
the samples 
(1100°C) 1 
hour 
(Rc) 
 
Hardness 
after 
Tempering 
1(667°C) 
4 hours 
(Rc) 
 
Hardness 
after 
Tempering 
2(607°C) 
4 hours 
(Rc) 
 
Hardness 
after 
Tempering 
3(667°C) 
4 hours 
(Rc) 
 
Hardness 
after 
Tempering 
4(607°C) 
4 hours 
(Rc) 
 Furnace 
cooling 
23.5 ± 
0.2 
29.1 ± 0.6 29.0 ± 0.4 27.1 ± 0.3 25.9 ± 0.2 24.7 ± 0.6 
 Air Cooling 20.3 ± 
1.0 
25.7 ± 0.7 23.6 ± 0.4 22.3 ± 1.0 23.2 ± 0.8 21.9 ±1.3 
CA6NM 
A487 
Water 
Quenching 
19.6 ± 
0.8 
27.0 ± 1.1 27.5 ± 0.3 26.1 ± 0.6 25.0 ± 1.0 24.2 ± 0.4 
Class A Ice water 
Quench 
16.7 ± 
0.9 
22.1 ± 1.2 17.5 ± 1.5 19 ± 1.3 18.3 ± 1.2 17.6 ± 0.8 
 Dry Ice 
+Acetone 
24.7 ± 
0.3 
26.4 ± 1.4 25.5 ± 2.0 26 ± 1.0 25.1 ± 1.3 24.4 ± 1.1 
 Water+LN2 22.3 ± 
1.0 
27.8 ± 1.2 28.0 ± 1.0 26.4 ± 0.5 25.0 ± 0.3 24.3 ± 0.3 
 Furnace 
cooling 
26.1 ± 
0.9 
26.5 ± 1.2 24.4 ± 1.1 24.1 ± 0.3 22.1 ± 0.1 21.1 ± 0.7 
 Air Cooling 23.5 ± 
1.0 
26.3 ± 0.9 23.7 ± 1.0 22.8 ± 0.4 19.1 ± 1.5 20.3 ± 0.9 
CA6NM 
A487 
Water 
Quenching 
25.2 ± 
1.0 
28.1 ± 0.7 25.2 ± 0.6 22.2 ± 0.4 22.1 ± 0.4 24.0 ± 0.4 
Class B Ice water 
Quench 
26.2 ± 
0.4 
25.3 ± 0.7 23.8 ± 0.7 24.3 ± 0.3 23.6 ± 0.7 23.0 ± 0.7 
 Dry Ice 
+Acetone 
22  ± 0.6 28 ± 1.1 27.3  ±  0.3 25.7 ± 1.7 24.4 ± 1.3 23.9 ± 1.1 
 Water+LN2 21.5 ± 
0.8 
26.8 ± 1.3 24.6 ± 1.0 24.2 ± 1.0 21.8 ±1.5 21.5 ± 1.1 
 Furnace 
cooling 
24.5 ± 
0.3 
28.5 ± 0.4 26.3 ± 1.1 25.6 ± 0.4 23.8 ± 0.3 22.0 ± 0.8 
 Air Cooling 24.0 ± 
0.1 
28.9 ± 1.1 27.5 ± 1.0 26.7 ± 0.5 25.2 ± 0.8 24.4 ± 0.8 
CA6NM 
A743 
Water 
Quenching 
21.6 ± 
0.2 
27.6 ± 0.4 25.5 ± 0.6 23.9 ± 0.2 23.8 ± 0.1 22.3 ± 0.5 
 Ice water 
Quench 
24.0 ± 
0.5 
29.6 ± 0.5 23.4 ± 0.8 24.5 ± 1.0 23.9 ± 0.4 23.3 ± 0.6 
 Dry Ice 
+Acetone 
24.6 ± 
0.4 
30.2 ± 0.6 27.7 ± 0.7 27.9 ± 0.4 27.1 ± 0.8 26.4 ± 0.5 
 Water+LN2 24.6 ± 
0.3 
27.1 ± 0.9 27.2 ± 0.8 26.5 ± 1.5 24.1 ± 0.6 23.3 ± 0.4 
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It must be remembered that the as-received samples arrived already in the solution heat 
treated and tempered condition.  Thus, they were already soft to begin with.  A large amount of 
scatter was seen in the data, despite efforts taken to ensure a representative value by taking 
numerous measurements at random locations on each slice.  Samples taken from the same bar of 
each grade showed different initial hardness after solutionizing and this initial difference is seen 
to carry through to final tempering no matter how the material was cooled.  
Re-solutionizing followed by tempering was carried out as an attempt to see if the 
process that had produced the lower hardness could be repeated and made to vary as a function 
of cooling rate and final quench temperature. Technically, this tempering is considered as a third 
tempering as it already underwent two full tempering steps before being received.  Hardness 
values of this experiment are shown in Table 9. As mentioned above, the given hardness is the 
average value of five to seven readings taken randomly on the samples and instrument error is 
negligible. The hardness decreased slightly after this tempering and followed the same trend as 
seen for the previous experiment.  
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Table 9: Hardness of as-received samples without repeating the process 
 
As-cast material:  
Given the inconclusive hardness results produced by the as-received material, material in 
the as-cast condition was obtained so that the solutionizing / tempering process was known and 
could be controlled.  Hardness values of as-cast samples as they were processed are shown in 
Table 10. Again, hardness values were recorded throughout the heat treatment process and 
consisted of numerous readings taken randomly across the samples. In comparison to the as-
received samples, fluctuations in hardness within the samples were much greater in the as-cast 
material.  
 
  Tempering-1 667c – 4 hours 
 Hardness of 
as received 
samples 
(Rc) 
 
Furnace cool 
 
 
Air Cool 
 
Water Quench 
 
Ice Water 
Quench 
 
Water 
+LN2 
 
 
A487 Class A 
 
 
 
25.6±1.4 24.9±0.6     
26.3±1.7  23.0±0.8    
28.3±4.7   23.5±0.8   
25.0±1.4    24.6±0.3  
23.1±0.5     22.5±1.0 
 
 
A487 Class B 
 
 
 
22.8±0.9 21.7±0.7     
22.6±0.3  19.7±0.6    
22.8±0.5   20.8±0.7   
22.8±0.5    20.7±0.5  
21.3±2.0     21.2±0.5 
 
 
A743 
 
 
 
24.9±0.8 25.0±0.5     
25.2±1.3  22.7±0.2    
26.3±1.6   23.8±0.4   
22.7±2.8    19.8±2.2  
24.0±0.5     23.1±0.3 
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Table 10: Hardness of as-cast samples 
 As cast Sample 
Hardness 
(Rc) 
Hardness after 
Solutionizing at 1100c 
for 8 hours 
(Rc) 
Hardness after 
Tempering 1 
at 667c for  4 hours 
(Rc) 
Hardness after 
Tempering 2 
at 607c for  4 hours 
(Rc) 
 38.0 ± 2.0 31.9 ± 1.6  26.3 ± 0.8  
(Air Cool) 
24.3 ± 0.3  
(Air Cool) 
 
 
 
A487 Class A 
39.2 ± 1.1 28.7 ± 1.6  26.2 ± 0.5  
(Furnace cool) 
24.4 ± 1.0  
(Furnace Cool- 
36.9 ± 0.5 33.1 ± 1.9  27.0 ± 1.2  
(Water quench) 
23.0 ± 2.0  
(Water quench) 
40.7 ± 1.2 33.9 ± 1.2  28.4 ± 0.3  
(Ice water quench) 
25.0 ± 0.7  
(Ice water quench) 
40.7 ± 1.4 32.8 ± 0.5  28.4 ± 0.3  
(water+LN2)                                
27.7 ± 0.2  
(water+LN2)                                
 32.0 ± 1.0 26.3 ± 1.3 23.5 ± 0.7 
(Air Cool) 
21.6 ± 1.6 
(Air Cool) 
 31.4 ±1.8 26.3 ± 2.2 22.4 ± 1.0 
(Furnace cool) 
21.8 ± 0.6 
(Furnace cool) 
 
A487 Class B 
33.0 ± 0.1 27.7 ± 0.8 23.2 ± 0.6 
(Water quench) 
23.0 ± 0.3 
(Water quench) 
32.2 ± 0.1 27.6 ± 2.0 25.7 ± 0.7 
(Ice water quench) 
25.2 ± 0.5 
(Ice water quench) 
32.8 ± 0.3 28.6 ± 1.1 26.8 ± 0.8 
(water+LN2)                                
26.2 ± 0.5 
(water+LN2)                                
 
 
 
A743 
37.3 ± 0.9 30.5 ± 0.4 26.6 ± 0.8 
(Air Cool) 
26.0 ± 0.7 
(Air Cool) 
39.4 ± 1.5 31,.5 ± 0.3 26.5 ± 0.9 
(Furnace cool) 
23.8 ± 0.8 
(Furnace cool) 
38.4 ± 0.9 34.8 ± 2.5 27.1 ± 0.1 
(Water quench) 
25.9 ± 0.9 
(Water quench) 
38.6 ± 0.9 36.1 ± 0.6 28.4 ± 0.2 
(Ice water quench) 
24.2 ± 0.5 
(Ice water quench) 
36.3 ± 2.0 34.5 ± 1.3 28.9 ± 0.5 
(water+LN2)                                
26.5 ± 0.5 
(water+LN2)                                
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Since quenching from higher temperatures may lead to cracking for samples of large 
thickness, the as-cast samples were solutionized then air-cooled to room temperature before 
immediately quenching at different rates to different temperatures. The hardness values 
measured at each stage for the entire experiment are shown in Table 11.  
 
Table 11: Hardness of as cast samples in different cooling techniques from room temperature 
  
As Cast 
Samples  
(Rc) 
 
Solutionized 
for 8 hrs at 
1100˚C 
(Rc) 
Quenched 
from Room 
temperature 
using ice 
water 
(Rc) 
Quenched 
from Room 
temperature 
using water 
and LN2 
(Rc) 
Quenched 
from Room 
temperature 
using 
acetone +dry 
ice  
(Rc) 
 
Tempering 1 
667˚C – 4 
HRS 
(Rc) 
 
 
 
A487 Class A 
37.3±2.0 34.4±1.4  34.4±1.0   27.3±0.2 
36.9±1.4 30.9±0.1  34.6±0.3  26.7±0.5 
36.4±1.2 27.5±2.0   34.5±0.2 26.8±0.2 
 
 
 
A487 Class B 
29.8±1.2 28.3±0.5 27.4±1.0   24.3±0.3 
30.8±0.8 29.2±0.7  29.4±0.5  22.7±1.0 
29.4±1.4 34.0±1.0   28.8±0.4 24.5±0.7 
 
 
 
A743 
 
38.9±0.2 33.8±0.6 33.9±0.4   27.5±1.0 
38.7±0.3 32.1±0.7  33.4±0.6  26.3±0.5 
37.5±1.2 35.2±0.6   33.3±0.3 24.3±1.0 
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Again, the general trend was for the hardness to gradually decrease with respect to the 
heat treatment time and temperatures. The hardness of the sample with low hardness stayed low, 
and the hardness of the sample with higher hardness stayed high after the quenching and 
tempering. 
 V and Nb in minor amounts are used in High Strength Low Alloy (HSLA) steels and can 
be potent strengtheners.  The values reported by the foundry and shown in Table 6 were closely 
examined with respect to whether the amounts were consistent with high or low hardness seen in 
the as-cast material.  There were no consistent changes in the hardness that correlated with either 
the vanadium or Nb contents, but future studies might include monitoring these additions more 
closely to see if a link does exist. 
3.2  Study 2 Results: Casting Repair Using Cold Spray 
3.2.1 Chemical Composition 
 The bar used for the cold spray experiment was a grade A487 Class A bar in the as-
received condition. The nominal composition of the bar is shown in Table 12. 
Table 12: Chemical compositions of sample for cold spray 
Sample Fe C Cr Ni Mo Cu Si Mn V 
A487-A ≈ 84 0.046 12.26 4.325 0.487 0.165 0.389 0.472 0.071 
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3.2.2 Microstructure and hardness results 
Microstructures: 
 A macroscopic image of the sectioned and polished cold sprayed sample 
is shown in Figure 16. The thick layer of cold sprayed material is visible on the surface, faithful 
reproducing the contours of the sample.   If you look closely you can see that the divot on the 
surface of the casting has been completely filled with the 17-4 PH cold sprayed material.   
 
Figure 16 : Macroscopic image of sectioned and polished cold sprayed sample. 
 Microstructures of the cold-sprayed samples are shown in Figure 17. The samples were 
polished in cross section to see how well the cold spray had filled the cavity and to examine 
adhesion.  Polishing was difficult due to the presence of small voids in the sprayed regions that 
trapped polishing compound and resulted in streaking, and Villela’s reagent was not suitable for 
etching both the base material and the 17-4 PH used as the spray material.  There are some black 
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spots spread widely across the cold-sprayed region. When viewed using the SEM (Figure 18) it 
was found that voids are spread homogeneously in the cold-sprayed region with an increased 
number seen at the sides of the divots. There are also some cracks in the cold-spray filled divots 
and there are also some voids present on the interface between the substrate and cold sprayed 
material. and these voids are present only on the sides of the divots but not on the bottom of 
divots. Cracks were presented only for the samples having 2mm and 1mm divots; no cracks were 
seen in 0.5mm or 1.5 mm divots.  
 
Figure 17(a) : Microstructure of cold-sprayed sample of 2mm divot 
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Figure 17(b) : Microstructure of cold-sprayed sample of 1.5mm divot 
 
 
Figure 17(c) : Microstructure of cold-sprayed sample of 1mm divot 
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Figure 17(d) : Microstructure of cold-sprayed sample of 0.5mm divot 
 
Figure 18: SEM image of cold-sprayed region  
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Hardness: 
The hardness was recorded orthogonally with respect to thickness and depth using 
Vickers microhardness indentation. The average microhardness values are shown in Table 13.  
The microhardness in the cold-sprayed region is higher when comparing to that of the substrate 
surface.  
Table 13: Hardness of cold-sprayed samples 
 
Divot size 
Substrate surface 
(HV) 
Cold-sprayed surface 
(HV) 
0.5mm 304 396 
1mm 306 378 
1.5mm 309 428 
2mm 315 400 
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CHAPTER 4. DISCUSSION 
4.1 Effect of cooling techniques on hardness 
As-received: 
 For the as-received samples, the measured hardness was seen to vary 
between the three sample groups and even within samples taken from within one group. Plots 
showing a comparison of the data from Tables 8 and 9 are shown in Figure 19. The low carbon 
A487 Class B samples were generally found to have a lower hardness than the A 487 class A and 
A743 samples. Most of the samples of this particular class had lower hardness after solutionizing 
in the as-received condition; this allowed control of the hardness of the sample to be around HRc 
23.  
       
(a)                                                                          (b) 
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(b)                                                                             (d) 
     
                                 (e)                                                                         (f) 
Figure 19: A487 class A vs class B vs A743 for as-received 
For the as-received samples, ice-water quenching showed no impact on the ability to 
reach a lower hardness and the CA6NM samples studied responded no differently to an ice-water 
quench than any of the other cooling methods tried.  In fact, for the samples examined, air 
cooling and furnace cooling samples produced a greater decrease in hardness as a result of the 
tempering steps than the other quenching techniques. While the ice water quench sample had the 
lowest average hardness overall, it must be remembered that this sample started with a lower 
initial hardness.   
It was found that hardness level gradually decreases on each tempering irrespective of the 
cooling techniques, this being a common trend for every cooling technique throughout the three 
grades. The sample with the highest initial hardness ends up with the highest hardness.  Even 
after two cycles of double tempering the sample with the higher initial hardness retained this 
higher value compared to samples that initially started out with a lower hardness. It is also seen 
that the rate of reduction of hardness due to tempering is fairly constant for all samples and that 
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the rate decreases with each tempering step. Once the steel attains its softer level, it is difficult to 
maintain the same rate of reduction in hardness throughout the tempering process. 
A summary of all the cooling technique for A487 Class A, Class B and A743 samples are 
shown in Figure 20.  
  
(a)                                                                         (b) 
 
                                     (c) 
Figure 20: Hardness Vs Heat treatment  for  as-received samples of (a) A487 Class A (b) Class B 
(c) A743 
 
Thus, in summary, for the as-received samples no evidence could be found for the 
anecdotal statements saying ice water quenching is beneficial in producing a lower final 
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hardness. It was this lack of any connection between final hardness and quenching method that 
prompted acquisition of as-cast material and the entire process was repeated.  
As Cast: 
The hardness of Grade A487 class B samples in the as-cast condition was lower than the 
other two grades. Since the material started out with a lower hardness (presumably due to the 
lower C content of this particular grade) it was possible to produce a final hardness lower than 
the specified HRc 23 for the air-cooled, furnace-cooled and water-quenched samples. However, 
the lower hardness was not achieved in the remaining two grades. For the as cast samples, again 
there was no advantage apparent when comparing cooling rates after tempering. Once again, a 
general decrease in hardness is seen as a result of heat treatment for all samples, regardless of the 
cooling method.  Samples that start with the highest hardness generally end having the highest 
hardness after tempering. The speed of the quench, and the final quench temperature, seemingly 
having little, if any, affect. A summary of all the cooling techniques for A487 Class A, Class B 
and A743 samples are shown in Figure 21  
  
(a)                                                                      (b) 
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(c) 
Figure 21: Hardness vs Heat treatment for  as-cast samples(a)A487 Class A (b) Class B    (c) 
A743 
According to published data [29] the Ac1 temperature of typical CA6NM lies between 
516ºC to 581ºC. The standard double tempering temperature followed for this experiment lies 
above the Ac1 temperature. Crawford [28] says that the reversion of martensite to austenite 
generally occurs in the temperature rang from 593ºC to 621ºC. If this occurs, a small amount of 
fresh martensite from austenite is formed on cooling to room temperature, which ultimately 
increases the hardness. Since the current double tempering temperatures (667ºC and 607ºC) lie 
above the published Ac1 temperature, there exists the possibility of austenite formation 
occurring during tempering, thus enabling the formation of fresh martensite while cooling. Such 
new martensite would be extremely difficult if not impossible to see and no such formation is 
observable in the final microstructure after tempering.  Whether formation of fresh martensite 
occurs during cooling to counteract the decrease in hardness of the tempered martensite is 
unknown.  
Even when the samples are air cooled to room temperature after quenching from the 
solutionizing temperature and subjected to rapid quenching to low temperature, little or no effect 
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on hardness was seen. If one calculates the martensite start (Ms) temperature using the formula 
given below (all percentages are weight percent) [26]: 
Ms =540-(497*%C + 6.3* % Mn + 36.3*%Ni + 10.8*%Cr +46.6*%Mo) °C 
for the three alloys studied the Ms calculated for A487 Class A and A743  is ≈ 201 °C and or 
class B is ≈ 214 °C because of the low carbon content .  If one assumes that the martensite finish 
(Mf) temperature lies within 100°C of the start, it is not surprising little or no difference is seen 
on hardness since Mf for nominal CA6NM stainless steel is 101°C.  Further cooling from room 
temperature doesn’t provide any significant phase transformation because it already passed the 
martensite finish temperature. 
Tempering time does have an effect on hardness but that effect decreases with time. Two 
samples of A487 Class A possessing the same hardness after solutionizing were compared by 
doing tempers of 4 hours and 8 hours each. The result is shown in Figure 22.  Although a 
difference in the hardness is seen for the different holding times the reduction noted is small. 
In summary, from this study it appears the final hardness reached is much more heavily 
dependent on the chemistry of the starting material than on any subsequent cooling or heat 
treatment.  While all heat treatment methods caused a reduction in hardness, the reduction was 
always consistent with a general decline from the starting hardness.  
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Figure 22: Hardness vs Holding time 
 
Effect of Vanadium Content 
Given that little or no differences could be related to cooling rate, the possible effect of 
vanadium was briefly examined.  Vanadium content in all of the material received (both as-
received and as-cast) was greater than the typically specified maximum of 0.05 wt%. M. A 
Grossman proposed a way to characterize hardenability of steels on the basis of an ideal diameter 
(DI) [24].  An empirical relationship that takes into account the effects of different alloying 
additions was developed and given as:  
DI value = f (C) × f (Si) × f (Mn) × f (Cr) × f (Mo) × f (Ni) ×f (Cu) ×f(V) 
F(x)=%X + multiplying factor(taken from ASTM Handbook based on %X) 
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By using the composition of A487 Class A, the hardenability was measured and compared for 
the different vanadium contents ranging from 0.01 to 0.12%, and the difference in the hardness 
was found to be negligible.  
Suggestions concerning whether Vanadium (along with Niobium) content has an effect 
on hardness due to the formation of V or Nb carbides do not seem to have merit given the limit 
of this study. Vanadium contents of 0.06 wt% and 0.07 wt% were compared and there was no 
major change in hardness was found.  However, the possibility that minor alloying additions 
causing the formation of carbides and resulting in differences in hardness levels is of interest and 
might be a possible area of future research.  
 
4.2 Effectiveness of cold spray in filling voids without affecting properties 
Observation of the cold sprayed microstructure showed that penetration of the sprayed 
powder is excellent, even in very small pores, reaching the entire depth of the divots. It is equally 
clear that small microporosity, distributed homogeneously within the sprayed region, does exist 
in the cold sprayed material. It is a matter of discussion as to whether this microporosity makes 
cold spray unsuitable as a replacement for weld repair.  This initial study did not investigate how 
changing the deposition parameters such as pressure used, spraying temperature, angle of spray, 
or angle of the divot sides with respect to the sample surface could affect the quality of the 
coatings. Such investigations may be suitable for future studies. 
Since 17-4 PH was used as a cold spray powder, no major differences in the 
microstructure were noted between the cast and sprayed material. Though the entire region of the 
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cold sprayed area was not etched properly, the regions that did etch well had a microstructure 
similar to that of the substrate material. 
Hardness was tested orthogonally across the samples with respect to width and depth as 
shown in Figure 23; hardness of the substrate surface lies in the range 290 HV to 320 (HRc 29 to 
HRc 33). Higher hardness is found in the cold sprayed area, ranging from 340HV to 420 HV 
(HRc 35 to HRc 43). Plots showing a summary of the hardness data are shown in Figure 24. The 
effect of this increase in hardness on casting performance is expected to be minor in comparison 
to what might be expected due to weld repair, where the repaired area results in a higher 
hardness over a much wider repaired area than that affected by the small repaired regions of the 
divots. Also there are so special phases forms at the interface between the substrate and cold 
sprayed region. 
The major area of concern is that there are some cracks present in the cold sprayed region 
of the 2mm and 1 mm divots and also there are some voids present on the interface between the 
substrate and cold sprayed region of all samples. This may be a result of the large thickness 
(7mm) of the coating. When the thickness of the coating increases, residual tensile stresses 
accumulate at the substrate - coating interface, which stresses the coating-substrate interface and 
may cause spalling [27]. For most coating process (e.g., electroplating, thermal spray, etc.) 
residual tensile stress is produced on the substrate-coating interface during deposition. These 
tensile stresses can exceed the bond strength between substrate and coating [27]. 
The microporosity spread across the cold sprayed region for all the samples may lead to 
the formation of cracks when used in service, especially if subjected to a cyclic load that results 
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in fatigue. Clearly, additional work is needed to fully characterize the mechanical properties that 
can be expected from a cold sprayed region. 
In summary, though there are some advantages to the cold spray process, such as cost and 
time savings when compared to weld repair, unknown risks associated with the quality of the 
coating as regards cracks and microporosity have to be considered.   Further work in this area is 
warranted. 
   
Figure 23: Schematic of hardness measured in cold sprayed samples 
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Figure 24: Hardness vs distance for cold sprayed samples 
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CHAPTER 5. CONCLUSIONS 
 As-received and as-cast CA6NM samples react no differently to ice-water quenching 
than other cooling methods and no impact is observed due to ice-water (or other methods 
of) quenching on the reduction of the hardness. 
 Hardness gradually decreases with each tempering irrespective of the different cooling 
techniques implemented on the samples. Samples with higher hardness initially end 
having a high hardness after tempering. 
 Tempering time does act to decrease the hardness but this effect decreases with time. 
 Final hardness is more dependent on the chemistry of the samples than cooling 
techniques, tempering temperatures, and times. The three grades studied all responded to 
tempering in a similar manner. 
 Cold-sprayed samples have no major differences in the microstructure in both the 
repaired and substrate surfaces and the bonding between the two regions is poor. Small 
microporosity distributed homogeneously throughout the cold sprayed region does exist. 
The large number of pores at the base material / deposited material interface, and the 
presence of cracks at the larger divot sizes, may be an indication of bonding problems. 
 The hardness is increased in the cold sprayed area as compared to base material but the 
values recorded correspond to the materials used (i.e. CA6NM and 19-4 PH). The region 
affected by cold spray is minor in comparison with weld repair.  
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